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ABSTRACT 


An  investigation  was  conducted  to  determine  the  feasibility  of  pro¬ 
ducing  a  low  temperature,  uncontaminated  airstream  by  injection  of 
liquid  air  into  a  primary  airstream.  Steady-state  data  were  obtained 
with  primary  airflow  conditions  generally  set  at  total  pressures  from 
2.  5  to  5  psia  and  supply  air  temperatures  ranging  from  380  to  540°R. 
Liquid  airflow  rates  ranged  from  0  to  13.  5  lb /sec.  Temperature  drops 
of  the  primary  airstream  up  to  85°R  were  recorded  with  liquid  air-to¬ 
primary  air  ratios  up  to  0.  146.  Calculated  cooling  efficiencies  ranged 
from  75  to  100  percent.  Gas  samples  obtained  in  the  mixing  chamber 
at  locations  10  and  24  ft  downstream  from  the  injection  station  indi¬ 
cated  that  the  gas  flow  was  a  homogeneous  mixture  with  the  O2  and  Ng 
content  of  the  gas  samples  dependent  upon  the  proportions  injected. 
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SECTION  I 
INTRODUCTION 


Methods  of  providing  testing  capabilities  for  planned  high-corrected - 
airflow  airbreathing  engines  in  relatively  large  test  facilities  such  as  the 
Propulsion  Engine  Test  Cell  (J-l)  (Ref.  1)  at  the  Arnold  Engineering 
Development  Center  have  been  studied  and  are  feasible.  Testing  capa¬ 
bility  at  low  air  temperatures  simulating  the  high  altitude,  low  Mach 
number  portion  of  an  engine  flight  envelope  is  limited  only  by  the  cost 
and  size  of  the  mechanical  refrigeration  system.  A  cooling  process 
using  "liquid  air"  (LN2  and  LC>2  in  the  correct  proportion)  injected  into 
the  primary  airstream  has  been  suggested  as  an  economical  means  of 
obtaining  additional  cooling  for  intermittent,  short  duration  test  periods. 

A  typical  operational  envelope  for  a  high  bypass  ratio  turbofan 
engine  is  presented  in  Fig.  1.  The  continuous  testing  capability  of  Test 
Cell  (J-l)  (including  facility  modifications  in  progress)  for  such  a  turbo¬ 
fan  engine  is  presented  in  Fig.  2.  Lines  of  constant  mismatch  tempera¬ 
tures  are  presented,  with  the  zero  mismatch  line  representing  the 
cooling  limitation  of  the  mechanical  refrigeration  system  (Ref.  2). 
Matched  temperatures  for  the  cruise  range  of  the  turbofan  engine  can  be 
obtained  by  the  addition  of  approximately  4300  tons  of  mechanical  re¬ 
frigeration  to  the  existing  plant  capability  (Ref.  1)  with  maximum  mis¬ 
match  of  306R  for  off-design  point  operation  within  the  envelope.  The 
shaded  area  in  Fig.  2  represents  the  region  of  liquid  air  injection  into 
the  J-l  primary  airstream  to  provide  the  coldest  temperatures  required 
for  ram  air  temperature  simulation. 

An  experimental  test  program  was  conducted  in  Propulsion  Engine 
Test  Cell(T-l)  (Ref.  1)  with  primary  objectives  to:  (1)  determine  the 
feasibility  of  this  cooling  process,  (2)  establish  and  document  the  oper¬ 
ating  characteristics  of  a  simple  injection  system,  and  (3)  determine  the 
effect  of  mixing  lengths  on  temperature  distribution  and  gas  composition. 

Testing  was  conducted  in  a  constant  diameter  ( 7  -  ft)  duct  mixing 
chamber  which  represented  a  34-percent  scale  model  of  the  J-l,  12-ft- 
diam  mixing  chamber.  Data  were  obtained  at  steady-state  conditions 
with  the  primary  airstream  flowing  at  Mach  0.  146,  total  pressures  from 
2.  5  to  5  psia,  primary  air  total  temperatures  from  380  to  560°R,  liquid 
airflow'  rates  from  0  to  13.  5  lb/sec,  and  liquid  air -to -primary  air  ratios 
from  0  to  0.  146. 
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SECTION  II 
APPARATUS 


2.1  TEST  ARTICLE  AND  INSTALLATION 


2.1.1  Mixing  Chamber 

The  mixing  chamber  used  in  this  test  was  the  38-ft-long,  7-ft-diam 
inlet  air  duct  (Fig.  3)  for  the  Propulsion  Engine  Test  Cell  (T-l)  which 
is  an  open-circuit,  continuous  flow  tunnel  with  a  12-ft-diam  plenum  and 
test  chamber  (Ref.  1).  The  7-ft-diam  inlet  duct  is  covered  with  6  in.  of 
insulation  (maximum  specified  heat  loss  of  0.  045  Btu/hr /ft2/°R  for  duct 
air  temperatures  ranging  from  360  to  1035°R)  over  a  5 -in.  air  space 
between  the  insulation  material  and  the  duct  outer  wall.  A  liner  (Figs.  3a 
and  b)  was  located  downstream  of  the  injection  manifold  to  protect  the  cell 
wall  from  possible  liquid  impingement.  A  42-in.  -diam  bellmouth  was 
attached  to  the  test  cell  plenum  bulkhead  (Fig.  3a)  for  airflow  measure¬ 
ment. 

2.1.2  Cryogenic  System 

The  cryogenic  supply  system  consisted  of  separate  liquid  nitrogen 
and  liquid  Oxygen  run  tanks,  an  L02/LN2  blender,  and  a  liquid  air  injec¬ 
tion  system  (Fig.  4).  Both  run  tanks  were  pressurized  with  gaseous 
nitrogen.  The  LN2  run  tank  was  double  walled  and  insulated.  The  flow 
line  from  this  tank  to  the  blender  was  3  in.  in  ID,  approximately  32  ft 
long,  and  was  covered  with  2-in.  -thick  fiber  glass  insulation  and  a  vapor 
barrier  jacket.  The  two  L 02  run  tanks  were  single  walled  and  uninsu¬ 
lated.  The  1.  5 -in.  -ID  flow  line  from  these  tanks  to  the  blender  was 
approximately  34  ft  long.  The  L02  flow  line  inside  the  barricade 
(approximately  23  ft  long)  was  not  insulated;  the  remainder  was  insu¬ 
lated  similarly  to  the  LN2  line. 

The  liquid  oxygen  and  liquid  nitrogen  Hows  were  directed  to  a  blender 
(Figs.  4  and  5)  which  mixed  the  two  fluids  to  produce  "liquid  air.  "  The 
liquid  air  flowed  from  the  blender  through  a  3-in.  -ID  pipe,  approximately 
45  ft  long,  to  the  injection  station  in  the  mixing  chamber  (Figs.  3  and  4). 
This  line  was  insulated  similarly  to  the  JLN2  line  and  was  sized  to  handle 
liquid  airflows  up  to  40  lbm/sec. 

The  liquid  injection  system  (Figs.  3b  and  4)  was  designed  to  inject 
liquid  air  into  the  primary  airstream  to  provide  cold  air  at  a  downstream 
measuring  station.  The  liquid  injection  station  was  located  approxi¬ 
mately  26  ft  upstream  of  the  mixing  chamber  exit  plane.  A  3-in.  -ID  pipe 
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was  formed  into  a  circular  manifold  having  an  OD  of  45  in.  Nipples  were 
attached  to  the  downstream  side  of  the  manifold  for  mounting  1-7G25  fog- 
jet  nozzles  (Figs.  3b  and  6)  with  their  orifices  pointed  downstream.  The 
nozzles  required  that  a  15-  to  20-psi  drop  be  maintained  across  the 
orifices  to  ensure  atomization.  Each  nozzle  head  had  seven  0.175-in.  - 
diam  orifices.  The  temperature  data  reported  herein  were  obtained  with 
five  nozzle  heads,  each  operated  with  four  orifices  open  (Fig.  6).  The 
manifold  was  insulated  with  wraparound  asbestos  insulation  and  glass 
tape. 

2.2  INSTRUMENTATION 

Diagrams  showing  details  of  the  quantity  and  type  of  duct  instru¬ 
mentation  at  each  station  location  are  presented  in  Figs.  7  and  8.  Design 
details  of  the  pressure  and  temperature  probes  are  presented  in  Fig.  9. 

The  flow  evaluation  instrumentation  rake  (station  In)  provided  for 
the  measurement  of  total  pressures,  total  gas  temperatures,  and  gas 
compositions.  This  rake  was  located  either  10  or  24  ft  downstream  of 
the  injection  station. 

Except  for  four  copper- constantan  immersion-type  thermocouples 
located  in  the  injector  manifold,  all  temperatures  were  sensed  by  iron- 
constantan  (IC)  thermocouples.  Sonic  aspirating  thermocouples  were 
used  at  stations  1  and  In,  and  radiation  shielded  thermocouples  were 
used  at  station  2.  [The  millivolt  outputs  of  these  thermocouples  were 
recorded  on  magnetic  tape  by  a  multichannel,  analog-to -digital  con¬ 
verter  system.  Stations  1  and  In  thermocouples  were  equally  spaced 
along  the  duct  diameter,  whereas  the  station  2  thermocouples  were 
located  between  the  total  head  pressure  probes 7~f 

Eight  bare  IC  thermocouples  were  peened  into  the  duct  -wall  surface 
(four  inside  and  four  outside)  approximately  7,  17,  24,  and  28  ft  down¬ 
stream  of  the  injector  manifold.  The  millivolt  outputs  of  these  thermo¬ 
couples  were  recorded  on  a  null-balance  potentiometer. 

Cryogenic  pressures  (Fig.  4)  were  sensed  with  close -coupled, 
strain -gage -type  transducers  and  recorded  on  continuous,  direct -inking, 
null-balance  potentiometers  (strip  charts).  Cryogenic  and  airs.tream 
temperatures  were  also  recorded  on  strip  charts  or  on  a  photograph¬ 
ically  recording,  galvanometer-type  oscillograph. 

Steady-state  aerodynamic  pressures  were  photographically  recorded 
from  manometer  boards.  The  total  head  pressure  probes  at  stations  1 
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and  In  were  equally  spaced  along  the  duct  diameter.  The  total  head 
pressure  probes  at  station  2  were  located  at  the  centers  of  equal  areas. 

Liquid  nitrogen  and  liquid  oxygen  flow  rates  were  measured  using 
two  turbine-type  flowmeters  in  each  of  the  supply  lines.  The  outputs  of 
these  meters  were  recorded  in  digital  form  on  a  magnetic  tape  system. 
The  flowmeters  were  laboratory  calibrated  using  water,  and  the  indi¬ 
cated  flow  rates  were  corrected  for  differences  in  liquid  densities. 

The  gas  sampling  probes  at  station  In  were  similar  to  the  total  head 
pressure  probes  (Fig.  9b).  Gas  was  continuously  extracted  from  the  air 
stream  through  copper  lines  approximately  24  ft  long  by  means  of  a 
vacuum  source,  and  samples  were  collected  in  metal  bottles  (Fig.  10) 
located  external  to  the  air  duct.  A  laboratory  gas  chromatograph  indi¬ 
cated  the  C>2  and  N2  content  by  volume.  Accuracy  of  the  gas  analysis 
is  ±0.5  percentage  points  of  the  readings  (this  represents  an  accuracy  of 
approximately  ±2.  4  percent  for  the  02  content  and  ±0.  64  percent  for  the 
N2  content). 

The  instrumentation  ranges,  recording  method,  and  system  accu¬ 
racies  for  parameters  measured  during  the  test  program  are  presented 
in  Table  I. 


SECTION  III 
PROCEDURE 


3.1  PRIMARY  AIRSTREAM  SETTING  CONDITIONS 

Conditioned  dry  primary  air  was  supplied  to  the  mixing  chamber  at 
total  pressures  from  2,  5  to  5  psia  with  inlet  air  temperatures  from  380 
to  540°R.  The  pressure  ratio  across  the  bellmouth  was  maintained  such 
that  the  bellmouth  was  choked;  the  mixing  chamber  Mach  number  was 
thus  fixed  at  approximately  0.  146  (one-dimensional,  isentropic,  com¬ 
pressible  flow  value). 


3.2  CRYOGENIC  SYSTEM  SETTING  CONDITIONS 

The  LN2  run  tank  valve  was  opened  in  measured  increments  for 
chill  down  of  the  system  until  LN2  was  flowing  to  the  injection  manifold. 
The  same  process  was  repeated  with  LO2  to  chill  down  the  line  from  the 
LO2  tanks  to  the  blender.  Then  LN2  and  LO2  were  flowed  together;  the 
tank  pressures  were  varied  to  give  the  desired  liquid  airflow  rate  with 
the  desired  LN2/LO2  proportion. 
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Dry  air  is  a  mixture  consisting  principally  of  nitrogen,  oxygen,  and 
argon  with  traces  of  other  gases.  The  composition  and  .major  constituents 
of  standard  air  are  listed  in  Ref.  3.  The  desired  composition  for  "liquid 
ait'",  as  manufactured  and  used  in  this  report,  was  76.9-percent  LN2 
and  23.  1 -percent  LO?,  by  weight.  Testing  reported  herein  which  re¬ 
sulted  in  cooling  was  limited  to  liquid  airflows  from  7.  0  to  13.5  lb /sec, 
and  the  corresponding  liquid  air -to -primary  air  ratio,  / Waj_,  was 

varied  from  0.  05  to  0.  146.  Data  were  also  recorded  with  zero  liquid 
airflow  at  each  test  condition  and  occasionally  with  LC>2  or  LN2  flowed 
separately.  All  testing  and  data  recording  were  at  essentially  steady- 
state  conditions  with  liquid  flows  held  constant  for  at  least  25  sec. 

Liquid  nitrogen  flow  rates  were  obtained  by  varying  the  LN2  tank 
pressure  from  40  to  60  psia.  Liquid  oxygen  flow  rates  were  obtained  by- 
varying  the  LO2  tank  pressure!  1)  from  50  to  60  psia  with  downstream 
valve  open  or  2)  from  80  to  175  psia  and  throttling  with  the  downstream 
valve. 

The  thermodynamics  of  the  air  injection  system  is  discussed  in 
Appendix  I.  The  methods  of  calculations  are  presented  in  Appendix  II. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


An  investigation  was  conducted  in  a  7-ft-diam  duct  mixing  chamber 
to  determine  the  feasibility  of  liquid  air  injection  into  a  primary  air- 
stream  flowing  at  Mach  0.  146:  to  provide  uncontaminated  low  tempera¬ 
ture  air,  to  establish  and  document  the  operating  characteristics  of  a 
simple  injection  system,  and  to  determine  the  required  mixing  lengths 
for  uniform  flow  characteristics.  Flow  characteristics  were  determined 
at  two  measuring  stations,  10  and  24  ft  downstream  of  the  injection 
station.  Cooling  efficiency,  total  temperature  drop,  typical  tempera¬ 
ture  profiles  and  distortion  levels,  and  gas  analysis  are  presented. 
Recorded  air  temperature  differentials  were  corrected  for  duct  wall 
heat  source  effects  (Appendix  II). 


4.1  AIRSTREAM  COOLING 

Variations  of  recorded  temperature  drops  (AT)  between  stations  1 
and  In  are  presented  in  Fig.  11  as  a  function  of  the  inlet  air  tempera¬ 
ture  and  the  liquid  air-to -primary  airflow  ratio,  W]_,A/WaD  at  two  loca¬ 
tions  of  the  station  In  measuring  rake.  Also  included  for  comparison 
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are  lines  of  theoretical  temperature  drops  for  100-percent  cooling  effi¬ 
ciency,  >7C.  Variation  of  V/la/W^j  was  accomplished  primarily  by 
varying  the  primary  air  pressure.  Temperature  drops  up  to  85°R  were 
obtained  (Fig.  lib). 

Thermodynamic  theory  predicts  that  an  increase  in  tank  pressure 
results  in  a  slight  reduction  in  the  expected  temperature  drop  (Appendix  I). 
The  AT's  obtained  with  high  LO2  tank  pressures  were  in  close  agreement 
with  those  obtained  with  low  LO2  tank  pressures  and  were  found  to  closely 
approximate  the  theoretical  values. 

The  cooling  efficiencies,  r?c,  are  presented  in  Fig.  12.  The  calcu¬ 
lated  oc  values  fell  within  an  overall  band  ranging  from  75  to  100  percent. 
There  were  no  discernible  trends  with  mixing  chamber  length  or  with 
primary  air  temperature. 

The  minimum  liquid  airflow  rates  obtainable  with  the  system  used 
(due  to  system  operational  characteristics)  produced  temperature  drops 
in  the  mixing  chamber  higher  than  those  required  for  the  region  of 
interest  in  the  turbofan  engine  operational  envelope  (Fig.  2).  Therefore, 
testing  with  higher  primary  air  temperatures  (greater  than  430°R)  was 
included.  The  resultant  air  temperatures  are  presented  in  Fig.  13  and 
show  that  the  mixing  chamber  exit  temperature  can  be  controlled  with 
liquid  air  injection  to  correspond  to  the  ram  air  temperature  require¬ 
ments  for  turbofan  engine  testing. 

To  determine  the  effect  of  moisture,  a  test  run  was  included  in  the 
test  program  using  primary  air  with  moisture  content  ranging  from  23  to 
96  grains  of  water  per  pound  of  dry  air.  The  test  results  were  similar 
to  those  obtained  with  dry  air.  Visual  and  photographic  observations  of 
the  flow  exiting  from  the  bellmouth  with  a  blunt  body  in  the  near  critical 
velocity  airstream  revealed  that  the  airflow  was  heavily  misted,  but 
without  apparent  accumulation  of  ice  or  snow  on  the  blunt  body. 


4.2  MIXING  LENGTH 

With  no  liquid  air  injection,  the  temperature  distribution  was  gen¬ 
erally  flat  in  the  core  with  the  major  variations  near  the  wall;  these 
temperature  variations  increased  with  decreasing  air  temperature,  as 
expected. 

Typical  radial  temperature  profiles  with  liquid  air  injection  obtained 
at  10  and  24  ft  downstream  of  the  injection  station  are  presented  in  Fig.  14. 
The  profiles  improved  as  the  gas  mixture  flowed  downstream  in  the  mixing 
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chamber  with  most  of  the  distortions  occurring  near  the  wall.  The  pro¬ 
files  for  the  six  arms  were  very  similar,  indicating  that  the  circum¬ 
ferential  temperature  distributions  were  generally  flat. 

The  variation  of  the  maximum  spread  in  the  mixing  chamber  total 
temperature  readings,  expressed  as  a  distortion  factor,  is  presented  in 
Fig.  15  as  a  function  of  the  dimensionless  mixing  length  parameter,  x/Dj 
(Appendix  II).  The  trend  of  the  extrapolations  of  the  data  in  Fig.  15  was 
determined  by  the  application  of  the  method  of  Ref.  4.  Also  included  in 
Fig.  15  as  a  base  for  comparison  and  to  determine  mixing  lengths  re¬ 
quired  for  the  best  obtainable  temperature  profile  is  a  base  line  which 
represents  the  distortion  obtained  with  no  liquid  air  injection  (primary 
air  only).  Since  the  primary-air-only  distortion  is  a  function  of  the  air 
temperature,  only  the  range  of  distortion  values  at  430° R  is  presented. 
The  temperature  distortion  data  cannot  be  used  directly  to  determine  the 
minimum  mixing  length.  Analysis  of  the  test  data  in  Fig.  15  indicates 
minimum  x/Dj's  of  approximately  120  to  180.  For  the  test  conditions 
reported  herein,  a  typical  value  of  Dj  was  0.  33  ft.  Therefore,  typical 
minimum  mixing  lengths  of  from  40  to  60  ft  would  be  expected  to  be  suf¬ 
ficient  to  establish  a  temperature  profile  equivalent  to  that  udthout  liquid 
air  injection  for  this  simple  injection  system. 

The  length  of  the  initial  portion  of  the  distortion  curve  is  a  function 
of  the  injection  configuration;  this  length  may  be  shortened  by  improving 
the  atomization  of  the  liquid  and  by  increasing  the  injection  flow  relative 
velocities  (includes  upstream  injection).  The  slope  of  the  distortion 
curve  in  Fig.  15  is  primarily  a  function  of  the  turbulence  level  in  the 
primary  flow  and  can  be  increased  by  various  means.  Thus,  it  is  seen 
that  the  mixing  lengths  determined  by  this  investigation  could  be  greatly 
reduced,  both  by  improving  initial  distribution  and  by  causing  faster 
mixing  by  means  of  mechanical  mixing  aids. 

The  injection  of  liquid  air  increased  the  airflow  and  decreased  the 
airstream  temperature  in  the  mixing  chamber.  The  resultant  effect  was 
that  the  chamber  inlet  and  exit  pressures  were  very  similar,  with  negli¬ 
gible  change  in  the  axial  pressure  level  throughout  the  duct.  Also,  the 
radial  pressure  profiles  across  the  chamber  were  generally  flat. 


4.3  GAS  SAMPLING 

The  O2  and  N2  concentrations  of  all  gas  samples  obtained  during 
steady -state  testing  are  presented  in  Table  II.  Also  included  in  Table  II 
are  the  predicted  O2  contents  of  the  samples  based  on  the  liquid  mass 
addition  from  the  injector.  Except  for  an  occasional  sampling  by  both 
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vertical  arms  (10  samples),  sampling  probes  were  selected  at  random, 
and  only  a  few  samples  were  taken  at  any  one  test  condition. 

Any  deviation  in  the  liquid  flows  from  the  correct  LO2/LN2  propor¬ 
tion  will  affect  the  constituents  of  the  gas  mixture.  Flows  of  LO2  and  LN2 
varied  as  much  as  from  +6  to  -9  percentage  points,  by  weight,  from  the 
desired  levels.  Since  the  latent  heats  of  vaporization  for  LO2  and  for  LN2 
are  very  close  to  that  for  liquid  air,  these  variations  in  the  individual 
liquid  flows  showed  negligible  effects  on  the  cooling  process  and  the  re¬ 
sultant  temperature  drops  recorded  at  station  In. 

Because  of  flow  deviations,  determination  of  gas  distribution  is 
based  on  the  ratio  of  actual  O2  content  in  the  gas  sample  to  the  predicted 
O2  content.  The  O2  contents  of  the  sampled  primary  air  {Table  II)  show 
some  scatter  but  are  within  the  ±2.  4  percent  accuracy  for  O2  readings 
from  the  gas  chromatograph.  With  liquid  airflow,  83  percent  of  the  O2 
content  ratio  data  population  fell  within  a  ±2.  5  percent  band,  and  93  per¬ 
cent  fell  within  a  ±4  percent  band  (this  represents  the  accuracy  range  of 
the  gas  chromatograph  and  flowrmeter  measurements).  The  ±4  percent 
accuracy  band  corresponds  to  an  O2  content  variation  of  20.  1  to  21.8  per¬ 
cent,  by  volume,  for  injection  of  ideal  liquid  air  into  the  primary  air- 
stream.  There  was  no  noticeable  trend  with  sampling  rake  location  or 
liquid  flow  rate. 

Typical  gas  sample  profiles  across  the  mixing  chamber  with  the  rake 
located  at  the  24-ft  position  are  presented  in  Fig.  16.  The  profile  im¬ 
proved  vdth  increasing  mixing  chamber  pressure  (as  liquid  air-to -primary 
air  ratio  was  decreased),  as  expected.  The  small  spread  in  the  O2  data 
in  Fig.  16  and  Table  II  indicates  that  the  gas  mixture  in  the  mixing  cham¬ 
ber  was  essentially  a  homogeneous  mixture  of  air  constituents  with  negli¬ 
gible  stratification. 

With  the  instrumentation  available,  mixing  performance  and  efficacy 
of  the  blender  could  not  be  determined  and/or  evaluated.  The  gas 
sampling  results  indicate  that  the  complete  supply  flow  line  system 
(from  blender  to  injector  manifold)  functioned  to  mix  the  LO2  and  LN2 
fluids  to  produce  liquid  air  in  a  continuous  manner. 


4.4  EQUIVALENT  MECHANICAL  REFRIGERATION 

Figure  17  shows  the  specific  equivalent  mechanical  refrigeration 
(SEMR)  for  the  test  results  shown  in  Fig.  11.  Values  of  SEMR  varied 
from  30  to  42  tons/lbm/sec  of  liquid  air  and  indicated  a  slight  increase 
with  increasing  exit  temperature,  as  expected. 
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The  highest  liquid  air-to-primary  air  ratio  achieved  in  this  test  was 
0.  146  (primary  airstream  of  92.  5  lbm/sec  and  a  liquid  airflow  of 
13.5  lbm/sec),  resulting  in  a  maximum  temperature  drop  of  85°R,  an  nc 
of  98  percent,  and  a  SEMR  of  42  tons/lbm/sec.  To  have  provided  the 
same  temperature  decrease  with  mechanical  refrigeration  would  have 
required  a  capability  of  566  tons.  Initial  capital  investment  costs  for  a 
similar  liquid  air  injection  system  are  approximately  $40,  000.  By 
assuming  a  typical  refrigeration  cost  of  $800  per  ton,  a  $45  3,  000  re¬ 
frigeration  equipment  investment  would  have  been  required  to  provide 
the  same  cooling  capacity.-  This  is  an  order  of  magnitude  higher  than 
that  required  for  the  liquid  air  system.,^^ 

To  obtain  a  At  of  30°R  with  a  primary  airflow  of  500  lbm/sec  for 
turbofan  engine  testing  in  Test  Cell  ( J - 1 )  (Fig.  2)  would  require  approxi¬ 
mately  25  lbm/sec  of  liquid  airflow.  Assuming  an  average  SEMR  of 
36  tons/lbm/sec  from  Fig.  17,  900  tons  of  additional  mechanical  re¬ 
frigeration  at  an  initial  capital  investment  cost  of  approximately  $720,000 
would  be  required  to  provide  the  same  cooling  capacity. 

It  should  be  noted  that  the  liquid  system  reported  herein  was  oper¬ 
ated  at  the  lower  end  of  the  liquid  flow  regime  as  dictated  by  the  turbofan 
engine  temperature  envelope.  If  testing  had  been  accomplished  with  the 
maximum  possible  liquid  flow,  approximately  40  lbm/sec,  the  equivalent 
mechanical  refrigeration  and  costs  would  have  been  increased  propor¬ 
tionally,  whereas  the  initial  cost  of  the  liquid  air  injection  system  would 
remain  the  same.  Thus  for  short  duration,  intermittent  testing  and/or 
short  term  cooling,  the  liquid  air  process  would  require  considerably 
less  capital  investment  than  mechanical  refrigeration. 


4.5  OPERATIONAL  CHARACTERISTICS  AND  DIFFICULTIES 

During  the  cryogenic  checkout  period,  it  was  determined  that  the 
minimum  liquid  air  that  could  be  flowed  and  still  remain  liquid  (or  two 
phase  fluid)  at  the  injector  manifold  inlet  (as  indicated  by  entrance 
thermocouple)  was  approximately  6.  6  lbm/sec.  This  flow  rate  limit 
was  due  primarily  to  the  residence  time  of  the  liquid  in  the  3-in.  pipe 
and/or  to  the  heat  transfer  across  the  pipe  from  ambient  conditions. 

The  injector  manifold  thermocouple  located  180  deg  from  the  liquid 
air  inlet  line  and  the  thermocouple  located  at  the  top  of  the  manifold 
(Fig.  4)  indicated  fluid  temperatures  approximately  40  deg  higher  than 
the  manifold  entrance  and  bottom  thermocouples.  These  temperature 
differentials  indicate  that  some  orifices  were  injecting  liquid  (or  two 
phase  fluid)  while  others  were  injecting  gas,  thus  contributing  to  the 
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temperature  profiles  at  station  In  and  affecting  the  resultant  mixing 
length.  Evaporation  within  the  manifold  could  be  prevented  or  retarded 
to  ensure  liquid  flow  to  all  orifices  by  use  of  a  multiple  cross -feed  sys¬ 
tem  (to  introduce  liquid  at  several  stations  of  the  manifold  with  one 
entry  at  the  highest  point  in  the  manifold)  and/or  efficient  insulation  of 
the  manifold. 

The  LO2  tank  pressure  was  operated  in  two  modes  to  produce  the 
desired  flow  rates.  In  the  first  mode  the  valve  downstream  of  the  flowr- 
meter  was  opened  wide,  and  the  tank  pressure  was  varied  from  50  to 
60  psia  thereby  controlling  flow  rate.  In  this  mode,  cavitation  was 
experienced  at  the  first  LO2  flowmeter  which  caused  erroneous  flow 
measurements  at  the  second  flowmeter.  To  prevent  cavitation  at  the 
flowmeters,  tank  pressures  were  varied  from  80  to  175  psia,  and  the 
desired  flow  rate  was  obtained  by  throttling  with  the  downstream  valve. 

Variation  in  LO2/LN2  proportion  from  the  desired  flow  indicated 
the  degree  of  difficulty  in  simultaneously  setting  the  LO2  and  LN2  flow- 
rates  to  the  blender  and  at  the  same  time  maintaining  the  resultant  mix¬ 
ture  in  a  liquid  state  at  the  injector  for  a  sufficient  length  of  time 
(25  sec)  to  record  test  data  under  steady-state  conditions  with  the  cryo¬ 
genic  system  employed.  The  difficulties  of  flowing  correctly  propor¬ 
tioned  liquid  air  are  inherent  in  the  system.  These  difficulties  can  be 
attenuated  or  completely  removed  by  improvement  in  the  system  or 
flow  procedure  with  manual  operation  or  by  use  of  automatic  controls 
for  proportional  flow  and/or  for  setting  of  tank  pressures. 


SECTION  V 

SUMMARY  OF  RESULTS 


The  results  obtained  during  the  evaluation -of  liquid  air  injection 
cooling  of  a  primary  airstream  flowing  at  Mach  0.  146,  air  pressures 
from  2.  5  to  5.  0  psia,  and  at  air  temperatures  of  approximately  430°H 
are  summarized  as  follows: 

1.  The  method  of  supplementing  existing  refrigeration  equipment 
with  a  liquid  air  injection  system  is  feasible. 

2.  Temperature  drops  of  the  primary  airstream  up  to  85°R  were 
recorded.  Calculated  cooling  efficiencies  fell  within  an  over¬ 
all  band  ranging  between  75  and  100  percent. 

3.  Temperature  distribution  profiles  improved  as  the  gas  mix¬ 
ture  flowed  downstream  in  the  mixing  chamber.  Analysis  of 
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test  data  obtained  at  10  and  24  ft  downstream  from  the  injec¬ 
tion  station  indicates  the  minimum  mixing  lengths  were 
approximately  40  to  60  ft  for  this  simple  injection  system. 

4.  Gas  samples  obtained  from  the  mixing  chamber  indicated  that 
the  system  functioned  to  mix  LO2  and  LN2  fluids  to  produce 
liquid  air  in  a  continuous  manner  and  that  the  resultant  gas 
flow  was  a  homogeneous  mixture  with  the  O2  and  N2  contents 
of  the  gas  samples  dependent  upon  the  deviation  from  the  cor¬ 
rect  O2-N2  proportion  of  the  injected  liquid  air. 

5.  Liquid  air  injection  had  negligible  effect  on  the  pressure  level 
and  pressure  profile  throughout  the  mixing  chamber. 

6.  For  intermittent,  short  duration  cooling  in  the  range  of 
1000  tons,  the  initial  capital  investment  for  a  liquid  air  sys¬ 
tem  appears  to  be  an  order  of  magnitude  lower  than  that  for  an 
equivalent  mechanical  refrigeration  system. 
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Fig.  2  Temperature  Matching  Capabilities  for  Flight  Conditions 
in  Propulsion  Engine  Test  Cell  (J-l) 
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Fig.  4  Cryogenic  Supply  System  Schematic 
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Fig.  6  Fogjet  Nozzles 
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Fig.  11  Airstream  Cooling  with  Liquid  Air  Injection 


A  E  DC-T  R  -65-251 


b.  Sampling  Rake  at  2‘ 
Fig.  11  Concl 


V°R 


iw  W 

i  w 


LA 

al 


ft  Location 


Cooling  Efficiency,  r}0 


1  0  ^ 

Sym 

□  □  J+'  o 

Inlet  Temperature 

t1»0r  Station  In  Rake  Location 

0 

o 

□ 

480  to  495  Open  -  24  ft 

450  to  479  Solid  -  10  ft 

420  to  440 

i  _ i _ i - 

Liauid  Airflow 


Inlet  Airflow  W 


Fig.  12  Coaling  Efficiency 


tsz-s?-aioa3v 


Altitude,  ft 


A  E  DC-T  R  -65-251 


Sym 


Primary  Air 


Temperature 

°R 


O  480  to  492 
□  460  to  480 
0  440  to  460 


Liquid  Airflow  from 

7  to  13.5  lb  /sec 
m 


Fig.  13  Ram  Temperature  Simulation  at  Station  In 


31 


Individual  Sensor  Total  Temperature,  Tln 
Station  In  Average  Total  Temperature,  Tln 


A  E  DC-T  R  -65-251 


.  ,  .  Top  of  Cell 

No.  5  Arm  No.  6  Arm 


1.2 
S’  1.1 

1.0 
0.9 
0.8 

1.2 
1.1 
1.0 
0.9 

0.8 

4  3  2  1  0  1  2  3  4 

Distance  from  Duct  Centerline,  ft 
b.  24-ft  Location 

Fig.  14  Typical  Radial  Temperature  Profiles  along  the  Mixing  Chamber 


32 


Mixing  Chamber  Distortion  Tmax  -  Tmjn/Tavg  x  100,  percent 


co 

CO 


100 

70 

50 


20 

10 

7 

5 


Station  In  Rake  Location 

Open  -  10  ft 
Solid  -  24  ft 


This  length  is  determined  by  the 
point  at  which  the  jet  centerline 
temperature  is  affected  by  the  primary 
airstream  temperature. 


Anticipated  Minimum  Distortion 
in  Test  Cell  (T-l)  with  Liquid 
Air  Injection  %  — 


Range  of  Temperature  Distortion 
of  Test  Cell  (T-l)  Airstream  Only  at 
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Fig.  15  Temperature  Distortion  along  the  Mixing  Chamber 
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Content  Ratio  at  Station  In,  actual/ predicted 
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Accuracy  of  Measurement 
for  Gas  Chromatograph 
and  Flowmeters 


Fig.  16  Typical  Gas  Sample  Profiles  on  Vertical  Rake  Arms  Located 
at  24  ft  as  a  Function  of  Mixing  Chamber  Pressure 
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TABLE  I 

INSTRUMENTATION 


Parameter 

Measuring 

Device 

Range  of 
Measuring 
Device 

Primary 

Recording 

Method* 

Estimated  Accuracy 
(■Accmr.acy-an 
pecceui-of— FuR-Scaie) 

Method  of 

System 

Calibration 

Duct,  Plenum,  and 
Cell  Pressures 

Manometer 

0  to  120  in.  Hg 

0  to  120  in.  H2G 

1 

±0.  05  in. 

- 

•- 

Duct  Air 
Temperatures 

Aspirating  IC 
Thermocouple 

370  to  540°K 

2 

±3°R 

Known  Millivolt 

Source  and  N,  B.S. 
Temperature  Table 

Betlmouth  Air 

Shielded  1C 

370  to  540°R 

2 

±  3°  R 

Temper  alures 

Thermocouple 

_ _ _ _ _ _ _ 

Turbine -Type 

4  to  40  lhm/seo 

2 

il.  1  percent 

Waterflow  Calibration  Stand 

Flowmeter 

Corrected  for  Spee.ific 

Gravity  of  Fluids 

L Oj  Flows 

1 

1  to  10  Ibm/see 

2 

±1 . 6  percent 

-  - 

Electrical  Calibration 

Cryogenic  System 

Strain-Gage 

0  to  60  psia 

3 

±1  percent 

at  Levels  of  15,  30,  50, 

Pressures 

Transducers 

0  to  200  psia 

4 

±1  percent 

and  65  psia 

‘ 

3 

±3°R 

Known  Millivolt 

Cryogenic  System 

1C  Thermocouple 

120  to  520°R 

4 

+  5“R 

Source  and  N 

.B.S. 

Temperatures 

5 

i3°R 

Temperature  Table 

Injector  Manifold 

CC  Thermocouples 

120  to  520°R 

3 

-t7°K 

±BCR 

Temperatures 

_  _ 

Duct  Wall 

IC  Thermocouple 

370  to  540°R 

5 

ilfR 

Temperature 

_ 

*1.  Photographs 

2.  Magnetic  Tape  via  Analog-to-Digital  Converter 

3.  Continuous  Direct-Inking,  Null-Balance  Potentiometer  (Strip  Chart) 

4.  Photographically  Recording,  Galvanometer-Type  Oscillograph 

-a  5.  Null-Balance  Potentiometer 
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TABLE  II 

GAS  SAMPLE  ANALYSIS  SUMMARY 


St*. 

1  -  Duct  Inlet 

Cryogenic* 

Stn.  In  l>JCt  Exit* 

Predicted  * 
Oj  Conceal 
el  Sts.  In. 
percent  by 
volume 

Averts- 
Temp. . 
•R 

Airflow, 

Ib/eec 

"LO,. 
lb 'see 

wln2. 

lb/sec 

WL. 
lb /nee 

w0* 

WL 

Wk, 

WL 

WL 

W.l 

Average 

Temp., 

•R 

Reke 

Position, 

fl 

’  Pr«M . , 
ntm 

IFJ 

1 

5.  07 

421 

100 

— 

a 

B 

B 

B 

B 

431 

8 

■ 

20. 9 CO 

a 

2.  59 

428 

90 

n 

... 

B 

B 

B 

B 

431 

20.906 

B 

427 

74 

a 

... 

B 

B 

El 

20. 906 

4 

5.0ft 

431 

175 

•2.83 

181 

2.31 

9.88 

12.  19 

0.  0605 

a 

B 

■ 

20.861 

s 

5.  08 

438 

178 

ISO 

1.27 

8. 49 

0.70 

0.  188 

0.812 

404 

20.  T58 

c 

5.09 

184 

3.81 

8.9 

11.41 

0.22 

0.  78 

Q 

402 

20. 84ft 

E 

433 

175 

•1.77 

152 

1.98 

8.1 

10.06 

0.104 

0.  80S 

0.  C6U6 

406 

20.  727 

... 

... 

a 

S' 

B 

B 

B 

443 

30.904 

0 

5.00 

425 

174 

m 

155 

1ft.  M 

B 

19.051 

10 

5.11 

159 

0.75 

... 

H 

B 

0.058 

415 

■ 

EQ|i 

II 

4.03 

— 

... 

B 

S 

... 

... 

443 

20. 906 

12 

4.00 

420 

135 

2.92 

139 

1.88 

4.98 

9.  84 

fl 

20. 009 

la 

D 

419 

174 

i.oe 

B 

B 

0.0101 

21. BOO 

14 

O 

419 

... 

... 

— 

— 

B 

a 

■ 

15 

3.50 

D 

149 

7.47 

0.835 

0.  106 

JB0 

20.335 

1« 

5.51 

D 

□ 

Q 

20.11 20 

11 

a.  sa 

401 

17.1 

3.07 

20.  ft«2 

E 

402 

124 

3.21 

0.053 

20.130 

E 

401 

0.199 

0.801 

0.072 

441 

■ 

E 

403 

| 

0. 195 

0.  806 

0.  072 

428 

20.693 

si 

3.53 

D 

7. 46 

0.  185 

0.815 

0.  061 

ra 

20.400 

22 

4.00 

B 

— 

a 

B 

B 

B 

B 

d 

B 

1 

S3 

4.00 

B 

a 

B 

B 

>0. 380 

24 

4.  08 

409 

130.2 

3.  2ft 

fl 

D 

Q 

Q 

m 

8 

20.610 

2b 

3.57 

IB 

B 

B 

B 

B 

a 

■ 

20 

a.  &7 

432 

1 17.  3 

□ 

'IB 

7.33 

D 

Q 

ID 

■ 

27 

3.57 

453 

113.9 

3.31 

a 

2. 10 

7. 80 

fl.  7ft 

Q 

20.  7B£ 

3B 

2.51 

430 

85.1 

... 

— 

a 

B 

— 

B 

B 

B 

D 

■ 

20.  tOrt 

29 

H 

a 

■ 
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TABLE  II  (Continued) 


1 

nisi 

Cryogenics 

lata.  In  Duet  Exh1 

5 

Airflow, 
lb /sec 

Injector  Inlet 

wLNj. 

lb/sec 

*L. 

lb/sec 

"o. 

*»» 

»L 

»L 

Average 

Temp.. 

•R 

Rake 

Position. 

ft 

■t  Sts.  In. 
percent  by 
volume 

Press. . 
aim 

Temp.. 

•R 

lb/sec 

»L 

*■1 

1 

2.63 

4M 

71 

6.  12 

144 

1.74 

D 

422 

1 

■ 

20. 449 

1 

446 

01.9 

6. 14 

143 

1.43 

ED 

6.91 

II 

20.  498 

a 

D 

6.66 

its 

6. 47 

4.  64 

11.95 

0.29S 

991 

21.  954 

I 

□ 

a 

1.41 

170 

3.44 

4.29 

10.73 

0.  227 

402 

10. 447 

4.11 

4St 

in 

1.T8 

193 

4.93 

0.  194 

D 

■ 

90. 446 

4.  11 

427 

1ST 

6.04 

170 

E0 

4.22 

10.43 

o.  m 

0.077 

D 

90. 469 

4.11 

a 

lit 

3.09 

170 

2.04 

7.76 

9.79 

0.071 

a 

■ 

4.12 

D 

2. 70 

170 

1.90 

7.0T 

a 

M.T»» 

4.11 

ISO 

3.49 

196 

9.  49 

5.  41 

a 

B 

D 

93.702 

4.11 

421 

u« 

3. 60 

D 

4. 14 

a 

4.  11 

B 

22.919 

E 

4.  W 

a 

2.19 

a 

9.54 

6.56 

0.  020 

419 

Bl 

is 

4.03 

1S1 

146 

10.  25 

4.00 

430 

... 

B 

3 

B 

D 

4.  OS 

s 

3.  04 

170 

11.20 

0.314 

— 

20.  704 

2.61 

6.96 

170 

D 

9.  02 

0.092 

a 

■ 

Bl 

107 

4.01 

D 

10.16 

16.91 

0.213 

0.111 

419 

20. TT0 

107 

6.94 

a 

2.15 

0. 092 

469 

20. 797 

1SS 

6.19 

174 

IS 

B 

B 

0.041 

400 

1 

19.  TOO 

164 

6.47 

2.  63 

8.  03 

0.  779 

0.077 

1 

20.  994 

4.0« 

2.  24 

i.  16 

gg 

B 

■ 

20.797 

2.24 

0.24 

■ 

1 

D 

a 

2.  OS 

0.214 

0.786 

179 

■ 

gg 

70 

1,1 

a 

10. 14 

0.  224 

417 

■ 

1 

a 

6.99 

8.  SO 

9.02 

10.92 

464 

■ 

1 

H 

9 

S.  93 

8. 06 

B 

399 

■ 

■1 

a 

2.13 

Bl 

1C.2U 

0.211 

343 

■ 

a 

7.04 

g 

S 

a 

■ 

1 

Notes:  I.  Pressure  st  Su.  In  similar  to  thst  st  SU.  I,  within  accuracy  of  measurement 
7.  Gas  •  ample  accuracy  of  measurement  *0.6  percentage  point*  of  readings 
S.  Sts.  In  rake 


s.  View  looking  upstream 
b.  Numbers  shown  are  that  of  the  arms. 

e.  No.  I  probe  near  wall.  no.  &  probe  sear  center  bub  (see  Pigs.  Tb  and  (to I 

4.  Based  on  oxygen  mass  addition 

5.  Number  of  open  orifices /aoaile  other  than  the  four  orifices  used  (or  AT  determination, 
shown  la  Pig.  4 


AEDC-TR-65-251 


TABLE  II  (Concluded) 


AEDC-TR- 65-251 


APPENDIX  I 

THERMODYNAMICS  OF  LIQUID  AIR  INJECTION 


The  cooling  of  an  airstream  by  the  injection  of  liquid  air  occurs  in 
two  separate  cooling  modes,  evaporation  and  aerodynamic  mixing. 
Evaporation  involves  the  transfer  of  heat  from  the  airstream  to  the 
liquid  air  in  a  quantity  equal  to  the  latent  heat  of  vaporization  of  the 
liquid  air,  which  is  a  function  of  storage  pressure  as  shown  on  a 
pressure -enthalpy  plot  for  air  (Fig.  1-1). 

The  liquid  air  components  stabilize  at  a  condition  corresponding  to 
a  point  on  the  saturated  liquid  line  during  pre-test  storage  (1  atm, 
point  1).  When  the  pressure  surrounding  the  liquid  is  increased,  the 
fluid  is  compressed  at  constant  temperature  to  point  2.  Two  alternatives 
exist  at  this  point.  If  the  fluid  is  used  immediately  by  injection  into  the 
primary  airstream,  it  follows  a  line  of  constant  enthalpy  (throttling 
process)  to  the  pressure  existing  in  the  primary  airstream  after  injec¬ 
tion.  The  fluid  then  vaporizes  at  constant  pressure  and  follows  an  un-  ' 
defined  process  to  its  final  state  (point  5).  If,  however,  the  fluid  is  left 
in  tankage  under  pressure  for  a  period  of  time,  heat  is  transferred  to 
the  fluid  at  constant,  pressure  until  point  2'  is  reached.  From  this  point 
the  fluid  is  throttled  to  point  3'  and  from  that  point  follows  the  same 
process  outlined  above. 

The  enthalpy  gain  for  process  2-3-4-5  is  greater  than  that  for  pro¬ 
cess  2 '-3' -4-5  by  the  amount  defined  by  3-3'.  This  indicates  that  long 
storage  periods  tend  to  reduce  cooling  performance.  The  utilization  of 
high  tank  pressures  to  reduce  cavitation  problems  will  result  in  a  very 
slight  deterioration  in  the  theoretical  performance  of  a  liquid  air  injec¬ 
tion  system  for  the  initial  pressure  shown.  The  deterioration  is  the 
amount  of  H1-H2. 

The  amount  of  cooling  (enthalpy  change)  of  the  primary  airstream 
is  primarily  dependent  on  the  initial  states  of  the  liquid  air  (in  storage) 
and  the  primary  airstream.  It  has  a  slight  dependency  on  the  tank  pres¬ 
sure  (point  2)  as  shown  in  Fig.  1-1. 

The  liquid  system  reported  herein  used  high  pressure  only  on  the 
LO2  tank.  The  thermodynamics  of  such  a  process  which  combines  LO2 
and  LN2  is  similar  to  that  described  above  for  liquid  air. 
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APPENDIX  II 

METHODS  OF  CALCULATION 
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General  methods  and  equations  used  to  compute  the  parameters  pre¬ 
sented  in  this  report  are  given  below.  Where  applicable,  the  arithmetic 
average  of  pressures  and  indicated  temperatures  were  used. 


SPECIFIC  HEAT 

The  specific  heat  at  constant  pressure  of  gaseous  air  w'as  calculated 
from  the  empirical  equation 

cp  =  0.2313  +  0.104  x  10"4  T  4  0.7166  x  10“*  (T)* 


The  specific  heat  at  constant  pressure  of  liquid  air  was  assumed  to 
be  constant  at  0.  2393. 

The  ratio  of  specific  heats  was  determined  from 

y  =  cp/cv 


where 


cv  —  c  p  K/J 


TEMPERATURES 


Airstream  total  temperature  was  calculated  by  applying  a  recovery 
factor  to  the  indicated  temperature  according  to  the  following  equation: 


}'“1 

(i)Y 

4  RF 

1  -  (f) 

t£±'i 

\p/ 

\  P/ 

J 

where 


T  = 


R.F  =  0.93  (stations  1  and  In) 
=  0.95  (station  2) 


AIRFLOW 


Airflow  at  station  2  (choked  bellmouth)  was  calculated  from  the 
following  equation: 


where 


-  P2  A  2  Cf2 


y+i 

2<y— l) 


Cf  =  0.99 
2 
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Liquid  flow  was  calculated  as  follows: 

Wl  =  Wln,  +  Wlo, 

where  the  LN2  and  LO2  flow  rates  were  measured  using  turbine-type 
flowmeters. 

Primary  airflow  (Wai)  was  calculated  as  follows: 

W a,  =  W'a3  -  WL 

The  air  extracted  through  the  30  gas  sampling  probes  (0.  0065  per¬ 
cent  of  the  total)  and  through  the  52  sonic  aspirating  thermocouple  probes 
(0.  03  percent  of  the  total)  was  considered  negligible. 


THEORETICAL  TEMPERATURE 

The  theoretical  gas  temperature  that  could  be  obtained  at  station  In 
with  100-percent  evaporation  and  complete  mixing  of  the  injected  liquid 
air  was  calculated  from  the  following  heat  energy  balance  relationship 
obtained  by  assuming  an  adiabatic  system: 

-  Hv  Bla  +  cp  WLA  TLA  +  Wa  cp  T, 

>r  _  _  LA _ 1  1  cr 


Hv  =  Latent  heat  of  vaporization  of  liquid  air  at  1  atm  pres¬ 
sure  (88.  2  Btu/lbm) 

Tla  =  Temperature  of  saturated  liquid  air  vapor  at 
1  atm  pressure  (142°R) 

W ain  =  W a3  (assumes  no  leakage  between  stations  In  and  2) 

WEIGHTED  TOTAL  TEMPERATURES 

The  weighted  average  of  total  temperatures  at  measuring  stations  1 
and  In  were  obtained  as  follows: 

T  =  2  Ci  T 

i  =  1 

where 


for  which  Ai,  A2 - An  are  the  areas  sensed  by  each  thermocouple  under 

consideration,  At  is  the  total  cross-sectional  area,  and  Ti,  T2  ---  Tn 
are  the  total  temperatures  for  the  relative  selected  areas  Aj,  A 2 - An. 
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WALL  HEAT  SOURCE  EFFECTS 


The  existence  of  a  temperature  differential  (AT)  between  the  air- 
stream  and  the  chamber  inner  walls  caused  a  heat  flux  to  be  established 
which  warmed  the  airstream  as  it  proceeded  down  the  chamber.  The 
flux  resulted  from  the  walls  acting  as  a  heat  source  rather  than  from 
heat  transfer  from  ambient  conditions  through  the  walls. 


Temperature  measurements  at  station  In  were  adjusted  for  the  heat¬ 
ing  described  above  by  the  use  of  an  empirical  plot  (Fig.  II- 1)  of  the 
temperature  differential 
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Fig.  Il>1  Duct  Wall  Heat  Source  Correction 


between  the  wall  and  the  primary  airflow  (ATi_wan)  and  the  tempera¬ 
ture  differential  between  stations  1  and  In  (corrective  ATj.^)  obtained 
for  various  inlet  conditions  with  zero  liquid  airflow.  The  adjusted  tem¬ 
perature  drop  due  to  liquid  air  injection  was  obtained  from: 

Adjusted  ATi  — ln  =  Measured  ATj-m  +  Corrective  ATi-m 


COOLING  EFFICIENCY 


Cooling  efficiency  at  station  In  was  defined  as 


Vc 


Adjusted  ATj—j,, 

i\  -  t 


l«Lh 


100 ,  percent 
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TEMPERATURE  DISTORTION 

The  mixing  chamber  temperature  distortion  is  expressed  as  percent 
distortion  and  is  determined  as  follows: 

Percent  distortion  =  ^'mi* - — ■m  ln  x  100 

Ta»g 

where 


Tmax  =  maximum  indicated  total  temperature 
Tm in  =  minimum  indicated  total  temperature 
Tavg  =  numerical  average  of  the  30  total  temperature  probes 

MIXING  LENGTH  PARAMETER 

The  dimensionless  mixing  length  parameter,  x/ Dj,  is  defined  as 
follows: 

x  =  axial  location  in  the  mixing  chamber  from  nozzle 
orifice,  ft  (measured) 

Dj  =  expanded  jet  diameter  for  each  injector  nozzle 
orifice,  ft  (from  continuity  equation) 

D.  ,  _L  ±  (w la/n)  R  TLA 
1  12  V  *  p.  v,; 

where 

N  =  total  number  of  injector  orifices  (20) 

Vi  =  v100  ft /sec  (assumed  constant) 


i 
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380  to  540°R.  Liquid  airflow  rates  ranged  from  0  to  13.5  lb/sec. 
Temperature  drops  of  the  primary  airstream  up  to  85°R  were  recorded 
with  liquid  air-to-primary  air  ratios  up  to  0.146.  Calculated  cooling 
efficiencies  ranged  from  75  to  100  percent.  Gas  samples  obtained  in 
the  mixing  chamber  at  locations  10  and  24  ft  downstream  from  the 
injection  station  indicated  that  the  gas  flow  was  a  homogeneous 
mixture  with  the  C>2  and  N2  content  of  the  gas  samples  dependent  upon 
the  proportions  injected. 
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